Flavahan S, Flavahan NA. The atypical structure and function of newborn arterial endothelium is mediated by Rho/Rho kinase signaling. Am J Physiol Heart Circ Physiol 307: H628 -H632, 2014. First published June 20, 2014 doi:10.1152/ajpheart.00327.2014.-Endothelium of fetal or newborn arteries is atypical, displaying actin stress fibers and reduced nitric oxide (NO)-mediated dilatation. This study tested the hypothesis that Rho/Rho kinase signaling, which promotes endothelial stress fibers and inhibits endothelial dilatation, contributed to this phenotype. Carotid arteries were isolated from newborn [postnatal day 1 (P1)], P7, and P21 mice. Endothelial dilatation to acetylcholine (pressure myograph) was minimal at P1, increased at P7, and further increased at P21. Inhibition of Rho (C3 transferase) or Rho kinase (Y27632, fasudil) significantly increased dilatation to acetylcholine in P1 arteries but had no effect in P7 or P21 arteries. After inhibition of NO synthase (N G -nitro-L-arginine methyl ester), Rho kinase inhibition no longer increased acetylcholine responses in P1 arteries. Rho kinase inhibition did not affect dilatation to the NO donor DEA-NONOate. The endothelial actin cytoskeleton was labeled with phalloidin and visualized by laser-scanning microscopy. In P1 arteries, the endothelium had prominent transcytoplasmic stress fibers, whereas in P7 and P21 arteries, the actin fibers had a significantly reduced intensity and were restricted to cell borders. Phosphorylation of myosin light chains, a Rho kinase substrate, was highest in P1 endothelium and significantly reduced in P7 and P21 endothelium (laser-scanning microscopy). In P1 arteries, inhibition of Rho (C3 transferase) or Rho kinase (Y27632) significantly reduced the intensity of actin fibers, which were restricted to cell borders. Similarly, in P1 arteries, Rho inhibition significantly reduced endothelial levels of phosphorylated myosin light chains. These results indicate that the atypical function and morphology of newborn endothelium is mediated by Rho/Rho kinase signaling.
THE EARLY POSTNATAL PERIOD is associated with remarkable changes in the morphology and function of arterial endothelium. Endothelial cells lining fetal or newborn arteries are highly unusual, displaying prominent stress fibers (15, 16, 23) and reduced endothelial nitric oxide (NO)-mediated dilatation (1, 3, 8, 27) . Although common in cultured cells, arterial endothelial cells in vivo generally lack stress fibers, and F-actin is restricted to a faint cortical network at the cell periphery (7, 10, 15, 16) . Indeed, as newborn arteries mature in the immediate postnatal period, the endothelial actin cytoskeleton remodels into a peripheral cortical network and there is a marked increase in endothelium-dependent dilatation (1, 3, 8, 15, 16, 27) .
Endothelial stress fibers and endothelial dysfunction, which is accompanied by diminished NO-mediated dilatation, are prominent features of vascular disease including atherosclerosis (10, 12) . Numerous pathological and inflammatory mediators stimulate endothelial stress fiber formation by activating RhoA and Rho kinase (21, 25, 28) . Rho kinase phosphorylates myosin light chains (MLCs), which are further amplified via Rho kinase-mediated inhibition of MLC phosphatase, resulting in increased actomyosin interaction and formation of stress fibers (21, 25, 28) . Rho kinase also inhibits endotheliumdependent NO-mediated dilatation through multiple mechanisms (19, 28) . Indeed, endothelial Rho/Rho kinase signaling contributes to the endothelial dysfunction of vascular disease including atherosclerosis but is considered to have minimal activity under normal physiological conditions (19, 28 ).
The present study tested the hypothesis that the atypical morphology and function of newborn arterial endothelium is mediated by endothelial Rho/Rho kinase signaling.
MATERIALS AND METHODS

Use of animals was approved by the Johns Hopkins Institutional
Animal Care and Use Committee and complied with the National Institutes of Health's Guide for the Care and Use of Laboratory Animals. Newborn [postnatal day 1 (P1)] and 1-wk (P7)-, and 3-wk (P21)-old male and female mice (C57BL6, Jackson Laboratories) were euthanized by CO 2 asphyxiation. Carotid arteries were rapidly removed and placed in cold Krebs-Ringer bicarbonate (control) solution consisting of (in mM) 118.3 NaCl, 4.7 KCl, 1.2 MgSO4, 1.2 KH2PO4, 2.5 CaCl2, 25.0 NaHCO3, and 11.1 glucose.
Analysis of vascular responses. Arteries were cannulated with glass micropipettes within a microvascular chamber (Living Systems) and maintained in the absence of flow at a transmural pressure of 20 mmHg (8) . The chamber was superfused with control solution (37°C, pH 7.4, 16% O 2-5% CO2-balance N2) and placed on the stage of an inverted microscope (Nikon TMS-F), connected to a video camera (CCTV camera; Panasonic). The internal diameter, determined using a video dimension analyzer (Living Systems), was continuously monitored using a data acquisition system (BIOPAC) (8) .
Arterial segments were constricted with the thromboxane mimic U46619. Once constriction was stable, vasodilatation to the endothelial agonist acetylcholine (10 Ϫ9 to 10 Ϫ6 M) or the NO donor DEANONOate (10 Ϫ9 to 10 Ϫ6 M) was determined. Concentration-response curves were generated by increasing agonist concentration in full-log increments once the response to the previous concentration stabilized. Only one cycle of constriction-vasodilatation was performed on each artery. In most experiments, responses to acetylcholine were determined in paired carotid arteries, either in the absence or presence of drug treatment. Unless stated otherwise, drugs were present in the superfusate for 60 min before and during exposure of the arteries to vasodilators. When using C3 transferase to inhibit Rho signaling, the inhibitor was present in the intraluminal perfusate for 180 min before and during vasodilator responses.
Endothelial imaging. Carotid arteries were processed as previously described (8) . Briefly, arteries were opened longitudinally during fixation with paraformaldehyde (3%, 4°C, 30 min). They were permeabilized (Triton-X, 0.5%) and incubated in donkey serum (1.5%) to reduce nonspecific binding. Arteries were incubated overnight with rhodamine phalloidin (to label F-actin) or a rabbit polyclonal antibody to PO 4-MLC (Ser 19 , 1:200 dilution, Millipore). After removal of the primary antibody, arteries were incubated with Alexa Fluor 488-labeled donkey anti-rabbit antibody (1:200 dilution, Jackson ImmunoResearch) and with Draq5 (5 mol/l; Biostatus) to label nuclei. Samples were viewed on a Leica AOBS-equipped SP5 laser-scanning microscope using a ϫ63 objective (numerical aperture, 1.4). Images (1024 ϫ 1024 pixels) were obtained using a pinhole of 1 Airy unit, scan speed of 400 Hz, 6 line averaging, optical zoom of 3.0, and appropriate settings for Alexa Fluor 488 (excitation, 488 nm; and emission, 492-541 nm), rhodamine phalloidin (excitation, 543 nm; and emission 555-620 nm), and DRAQ (excitation, 633 nm; and emission, 650 -750 nm). For quantitative comparison of fluorescence intensity, arteries were processed at the same time using the same instrument settings. When comparing fluorescent signals between different groups, the mean of the average signal intensities in P1 control arteries was set as 100%, and the intensity of all control and test images were expressed relative to that value (11) .
Drugs. Acetylcholine was from Sigma-Aldrich, cell permeable C3 transferase from Cytoskeleton, DEA-NONOate from Enzo Life Sciences, fasudil from Tocris Biosciences, U46619 from Cayman, and Y27632 from EMD Millipore.
Statistical analysis. Vasomotor responses were expressed as a percent changes in the quiescent baseline diameters. Data are expressed as means Ϯ SE, and n equals the number of animals from which blood vessels were studied. Statistical evaluation of the data was performed by Student's t-test for paired or unpaired observations. When more than two means were compared, analysis of variance was used. If a significant F-value was found, the Tukey-Kramer multiple comparisons test identified differences among groups. Values were considered to be statistically different when P Ͻ 0.05.
RESULTS
Endothelial dilator function in neonatal arteries. Endothelium-dependent dilatation to acetylcholine was minimal in P1 arteries, increased dramatically by P7, and increased further by P21 ( Fig. 1) (8) . Maximal dilatation to acetylcholine was 21.5 Ϯ 7.3% (n ϭ 7) of the constriction to U46619 in P1 arteries, 78.4 Ϯ 4.8% in P7 arteries (n ϭ 7, P Ͻ 0.001 compared with P1), and 101.1 Ϯ 3.2% in P21 arteries (n ϭ 7, P Ͻ 0.001 compared with P1, P Ͻ 0.05 compared with P7). Inhibition of Rho (cell permeable C3 transferase, 1 g/ml) significantly increased dilatation to acetylcholine in P1 arteries, with the maximal dilatation increasing from 24.1 Ϯ 9.7 to 69.5 Ϯ 8.5% of the constriction to U46619 (n ϭ 6, P Ͻ 0.01) (Fig. 1) . Likewise, inhibition of Rho kinase (fasudil, 3 M; or Y27632, 0.3 M) significantly increased dilatation to acetylcholine in P1 arteries, with the maximal dilatation increasing from 18.5 Ϯ 6.8% of the constriction to U46619 (n ϭ 13, combined control) to 70.2 Ϯ 9.0% after fasudil (n ϭ 7, P Ͻ 0.001) and 70.8 ϩ 5.8% after Y27632 (n ϭ 6, P Ͻ 0.01) ( Fig. 2A) . Inhibition of NO synthase (NOS) with N G -nitro-L-arginine methyl ester (100 M) abolished the amplified dilatations to acetylcholine following inhibition of Rho (C3 transferase) or Rho kinase (fasudil, Y27632) in P1 arteries (data not shown). Rho kinase inhibition (fasudil, Y27632) did not significantly affect dilatation to the NO donor DEA-NONOate in P1 arteries (Fig. 2) . In contrast to P1 arteries, inhibition of Rho kinase (fasudil, Y27632) did not significantly affect dilatations to acetylcholine in P7 or P21 arteries (Fig. 3) .
Endothelial actin cytoskeleton in neonatal arteries. Endothelial cells lining newborn carotid arteries (P1) had prominent transcytoplasmic F-actin stress fibers running through the cell interior parallel to the long axis of the cells (Fig. 4) . In P7 and P21 arteries, the intensity of the endothelial F-actin fibers was significantly reduced compared with P1 arteries (P7, 55.5 Ϯ 6.3% of P1, n ϭ 11, P Ͻ 0.001; and P21, 45.4 Ϯ 4.7% of P1, n ϭ 7, P Ͻ 0.001) and the fibers were restricted to the cell periphery (Fig. 4) . In P1 arteries, inhibition of Rho (C3 transferase, 1 g/ml) or Rho kinase signaling (Y27632, 0.3 M) significantly reduced the intensity of endothelial F-actin fibers (C3 transferase, 63.4 Ϯ 6.8% of controls, n ϭ 8, P Ͻ 0.001; and Y27632, 65.0 Ϯ 4.0% of control arteries, n ϭ 4, P Ͻ 0.001) and reorganized the fibers to the cell periphery (Fig. 4) .
In parallel with the postnatal reduction in endothelial stress fibers, staining intensity for PO 4 -MLC, a Rho kinase substrate, Fig. 1 . Postnatal maturation of endothelium-dependent dilatation. Carotid arteries were isolated from [postnatal day 1 (P1)], P7, and P21 mice and analyzed in a microperfusion system at a transmural pressure (PTM) of 20 mmHg. Vasomotor responses are expressed as a percentage of the baseline diameter of the arteries (B) and presented as means Ϯ SE. To observe dilatation, arteries were constricted to ϳ80% of baseline diameter with the thromboxane mimic U46619 (U4). Top: acetylcholine caused minimal dilatation in P1 arteries, which was increased in P7 and P21 arteries. ***P Ͻ 0.001, significant difference with P1; #P Ͻ 0.05 and ###P Ͻ 0.001, significant difference between P7 and P21 (n ϭ 7). Bottom: Rho inhibition with C3 transferase (1 g/ml) increased responses to acetylcholine in P1 carotid arteries. **P Ͻ 0.001 indicates significant difference with control arteries (n ϭ 6).
was reduced in endothelial cells lining P7 (54.8 Ϯ 3.2%, n ϭ 4, P Ͻ 0.001) and P21 arteries (44.3 Ϯ 1.7%, n ϭ 7, P Ͻ 0.001), compared with P1 arteries (Fig. 4) . Inhibition of Rho signaling (C3 transferase, 1 g/ml) significantly reduced PO 4 -MLC levels in P1 arteries (to 36.3 Ϯ 3.1% of controls, n ϭ 6, P Ͻ 0.001) (Fig. 4) .
DISCUSSION
The present study confirms a remarkable transformation in endothelial structure and function during the immediate postnatal period. Endothelial cells lining newborn carotid arteries displayed prominent transcytoplasmic stress fibers and minimal endothelium-dependent dilatation. However, during the first week of postnatal life, the endothelial actin cytoskeleton remodeled from stress fibers to a peripheral cortical network, and there was a dramatic emergence of endothelial dilator function. This endothelial maturation was paralleled by a significant reduction in endothelial levels of PO 4 -MLC, which would be consistent with decreasing activity of Rho/Rho kinase signaling. Indeed, inhibition of Rho and Rho kinase in newborn arteries mimicked the maturation process, reducing actin stress fibers, reducing PO 4 -MLC levels, and increasing endothelium-dependent dilatation. The results suggest that the atypical morphology and function of newborn endothelial cells is mediated by heightened endothelial Rho/Rho kinase signaling.
Endothelial levels of PO 4 -MLC, a Rho kinase substrate, were highest in newborn arteries and reduced to similar low levels by acute inhibition of Rho signaling or by developmental Fig. 2 . Effects of Rho kinase inhibition with fasudil (3 M) or Y27632 (0.3 M) on dilator responses to acetylcholine (top; n ϭ 7 for fasudil; and n ϭ 6 for Y27632) or the nitric oxide donor DEA-NONOate (bottom; n ϭ 5 for fasudil; and n ϭ 4 for Y27632) in P1 carotid arteries. Isolated arteries were analyzed in a microperfusion system at a PTM of 20 mmHg and treated with or without a Rho kinase inhibitor. To observe dilation, arteries were constricted to ϳ80% of baseline diameter with the thromboxane mimic U46619 (U4). Functional responses are expressed as a percentage of the baseline diameter (B) and presented as means Ϯ SE. ***P Ͻ 0.001, significant difference with arteries treated with fasudil; #P Ͻ 0.05, significant difference with arteries treated with Y27632. The inhibitors significantly increased dilatation to acetylcholine but did not affect responses to the nitric oxide donor. Fig. 3 . Effects of Rho kinase inhibition with fasudil (3 M) or Y27632 (0.3 M) on dilator responses to acetylcholine in P7 (top; n ϭ 6 for fasudil; and n ϭ 7 for Y27632) and P21 carotid arteries (bottom; n ϭ 5 for fasudil; and n ϭ 6 for Y27632). Paired isolated arteries were analyzed in a microperfusion system at a PTM of 20 mmHg and treated with or without a Rho kinase inhibitor. To observe dilation, arteries were constricted to ϳ80% of baseline diameter with the thromboxane mimic U46619 (U4). Responses are expressed as a percentage of the baseline diameter (B) and presented as means Ϯ SE. Rho kinase inhibition did not significantly affect dilatation to acetylcholine in P7 or P21 arteries. maturation in P7 and P21 arteries. This suggests that endothelial Rho/Rho kinase signaling is highest in newborn arteries, is dramatically reduced by P7, and maintained at a low level in P21 arteries. Similarly, the functional activity of Rho/Rho kinase signaling, as defined by the influence of inhibitors on endothelial dilatation, was highest in newborn arteries and not evident in P7 and P21 arteries. Acute inhibition of Rho or Rho kinase caused a marked increase in dilation to acetylcholine in P1 arteries, which was abolished by inhibition of NOS with L-NAME and was not accompanied by a significant change in smooth muscle responsiveness to exogenous NO. This suggests that the amplifying effect of Rho/Rho kinase inhibition on newborn endothelial dilatation is mediated by increased activity of endothelium-derived NO. Inhibition of Rho kinase did not affect dilator responses to acetylcholine in P7 and P21 arteries. Furthermore, after Rho kinase inhibition, there was no longer any difference in the magnitude of responses to acetylcholine between P1 and P7 arteries. These results demonstrate that inhibition of Rho/Rho kinase mimics the maturation process and suggest that heightened activity of endothelial Rho/ Rho kinase signaling is entirely responsible for impaired endothelial dilation in newborn arteries.
Endothelial Rho/Rho kinase signaling promotes the incorporation of F-actin into stress fibers (21, 25, 28) . Although a common feature of cultured cells, these structures are not normally present in vivo, consistent with a low activity of endothelial Rho/Rho kinase signaling. Indeed, the endothelium of P7 and P21 arteries displayed the normal pattern of actin cytoskeleton, a cortical network delineating the cell borders. The atypical intense stress fibers in newborn endothelium was dependent on the heightened Rho/Rho kinase signaling in these cells, with acute inhibition of Rho or Rho kinase, causing a marked reduction in their activity and revealing a more mature cortical actin system. Endothelial stress fibers are a prominent feature in vascular disease and in areas susceptible to atherosclerosis (10, 12) . This is thought to result from alterations in the subendothelial matrix (10, 16) , most importantly an increased deposition of fibronectin (6, 13, 20) . Indeed, endothelial adhesion to fibronectin stimulates stress fiber formation, which is prevented by inhibiting Rho kinase (9) . The subendothelial matrix of endothelial cells lining fetal or newborn arteries is enriched in fibronectin, with endothelial stress fibers connecting via focal adhesion complexes to fibronectin fibrils (4, 5, 14, 23) . As endothelial cells mature during the immediate postnatal period, they reorganize their underlying matrix, decreasing the levels of fibronectin and generating a normal subendothelial matrix (4, 5, 15, 16) . Therefore, the presence of fibronectin in the matrix of newborn endothelium likely contributes to heightened activity of Rho/Rho kinase signaling in these cells.
The emergence of effective dilatation to acetylcholine in the immediate postnatal period appears to reflect an increase in NOS activation by phosphoinositide 3-kinase (PI3K)/Akt signaling (8) . Although Rho kinase can inhibit endothelial NO activity through multiple mechanisms, a key inhibitory step appears to be activation of phosphatase and tensin homolog (PTEN), which counteracts PI3K activity and reduces Akt activity (22, 24, 26) . Therefore, the increased activity of PI3K/Akt/NOS signaling in the immediate postnatal period may reflect the diminution in Rho/Rho kinase signaling. The postnatal maturation in endothelial dilator activity may be triggered by increased clustering of vascular endothelial-cadherin at adherens junctions (8) . Indeed, clustering of vascular endothelial cadherin initiates assembly of a signaling complex that inhibits RhoA/Rho kinase and amplifies PI3K/Akt signaling (2, 17, 18) . Therefore, this key process may contribute to the developmental changes in signaling, function, and morphology of maturing endothelial cells.
The present study employed quantitative immunofluorescent imaging to assess endothelial F-actin cytoskeleton and endothelial PO 4 -MLC levels. Although this approach localized signaling changes to the endothelium and avoided contamination from other vascular cells (including smooth muscle), a limitation of the study is that these results were not confirmed by immunoblot analyses. Likewise, although the study used a comprehensive pharmacological approach using agents with proven selectivity and efficacy at the designated concentrations, the approach did not directly confirm inhibition of individual enzyme activity. Fig. 4 . Representative laser-scanning microscopy fluorescent images, demonstrating postnatal maturation of arterial endothelium. Carotid arteries were isolated from P1, P7, and P21 mice and processed to visualize the endothelial actin cytoskeleton (rhodamine phalloidin, red; A) or PO4-myosin light chain (MLC; Alexa-488, green; B) using laser-scanning microscopy analysis. The endothelial actin cytoskeleton displayed prominent stress fibers in P1 arteries but had significantly reduced intensity and was restricted to a cortical actin structure delineating cell borders in P7 and P21 arteries (A). This was accompanied by a significant reduction in endothelial PO4-MLC levels in maturing arteries (B). In P1 arteries, Rho inhibition (C3 transferase, 1 g/ml, P1 C3) reduced endothelial PO4-MLC (B) and the intensity of endothelial actin fibers, which were restricted to the cell periphery (A).
